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RNA transcripts are subject to posttranscriptional
gene regulation involving hundreds of RNA-binding
proteins (RBPs) and microRNA-containing ribonu-
cleoprotein complexes (miRNPs) expressed in a
cell-type dependent fashion. We developed a cell-
based crosslinking approach to determine at high
resolution and transcriptome-wide the binding sites
of cellular RBPs and miRNPs. The crosslinked sites
are revealed by thymidine to cytidine transitions
in the cDNAs prepared from immunopurified RNPs
of 4-thiouridine-treated cells. We determined the
binding sites and regulatory consequences for sev-
eral intensely studied RBPs and miRNPs, includ-
ing PUM2, QKI, IGF2BP1-3, AGO/EIF2C1-4 and
TNRC6A-C. Our study revealed that these factors
bind thousands of sites containing defined sequence
motifs and have distinct preferences for exonic
versus intronic or coding versus untranslated tran-
script regions. The precise mapping of binding sites
across the transcriptome will be critical to the inter-
pretation of the rapidly emerging data on genetic
variation between individuals and how these varia-
tions contribute to complex genetic diseases.
INTRODUCTION
Gene expression in eukaryotes is extensively controlled at the
posttranscriptional level by RNA-binding proteins (RBPs) and
ribonucleoprotein complexes (RNPs) modulating the maturation,
stability, transport, editing and translation of RNA transcripts
(Martin and Ephrussi, 2009; Moore and Proudfoot, 2009; Sonen-
berg and Hinnebusch, 2009). Vertebrate genomes encode
several hundred RBPs (McKee et al., 2005), each containing
one or more domains able to specifically recognize target tran-scripts. Furthermore, hundreds of microRNAs (miRNAs) bound
by Argonaute (AGO/EIF2C) proteins mediate destabilization
and/or inhibition of translation of partially complementary target
mRNAs (Bartel, 2009). To understand how the interplay of these
RNA-binding factors affects the regulation of individual tran-
scripts, high resolution maps of in vivo protein-RNA interactions
are necessary (Keene, 2007).
A combination of genetic, biochemical and computational
approaches are typically applied to identify RNA-RBP or RNA-
RNP interactions. Microarray profiling of RNAs associated with
immunopurified RBPs (RIP-Chip) (Tenenbaum et al., 2000)
defines targets at a transcriptome level, but its application is
limited to the characterization of kinetically stable interactions
and does not directly identify the RBP recognition element
(RRE) within the long target RNA. Nevertheless, RREs with higher
information content can be derived computationally from RIP-
Chip data, e.g., for HuR (Lopez de Silanes et al., 2004) or for
Pumilio (Gerber et al., 2006).
More direct RBP target site information is obtained by
combining in vivo UV crosslinking (Greenberg, 1979; Wagen-
makers et al., 1980) with immunoprecipitation (Dreyfuss et al.,
1984; Mayrand et al., 1981) followed by the isolation of cross-
linked RNA segments and cDNA sequencing (CLIP) (Ule et al.,
2003). CLIP was used to identify targets of the splicing regulators
NOVA1 (Licatalosi et al., 2008), FOX2 (Yeo et al., 2009) and
SFRS1 (Sanford et al., 2009) as well as U3 snoRNA and pre-
rRNA (Granneman et al., 2009), pri-miRNA targets for HNRNPA1
(Guil and Caceres, 2007), EIF2C2/AGO2 protein binding sites
(Chi et al., 2009) and ALG-1 target sites in C. elegans (Zisoulis
et al., 2010). CLIP is limited by the low efficiency of UV 254 nm
RNA-protein crosslinking, and the location of the crosslink is
not readily identifiable within the sequenced crosslinked frag-
ments, raising the question of how to separate UV-crosslinked
target RNA segments from background noncrosslinked RNA
fragments also present in the sample.
Here, we describe an improved method for isolation of seg-
ments of RNA bound by RBPs or RNPs, referred to as PAR-
CLIP (Photoactivatable-Ribonucleoside-Enhanced CrosslinkingCell 141, 129–141, April 2, 2010 ª2010 Elsevier Inc. 129
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Figure 1. PAR-CLIP Methodology
(A) Structure of photoactivatable nucleosides.
(B) Phosphorimages of SDS-gels that resolved
50-32P-labeled RNA–FLAG/HA-IGF2BP1 immuno-
precipitates (IPs) prepared from lysates from cells
that were cultured in media in the absence or pres-
ence of 100 mM photoactivatable nucleoside and
crosslinked with UV 365 nm. For comparison,
a sample prepared from cells crosslinked with
UV 254 nm, was included. Lower panels show
immunoblots probed with an anti-HA antibody.
(C) Illustration of PAR-CLIP. 4SU-labeled tran-
scripts were crosslinked to RBPs and partially
RNase-digested RNA-protein complexes were
immunopurified and size-fractionated. RNA mole-
cules were recovered and converted into a cDNA
library and deep sequenced.and Immunoprecipitation). To facilitate crosslinking, we incorpo-
rated 4-thiouridine (4SU) into transcripts of cultured cells and
identified precisely the RBP binding sites by scoring for thymi-
dine (T) to cytidine (C) transitions in the sequenced cDNA. We
uncovered tens of thousands of binding sites for several impor-
tant RBPs and RNPs and assessed the regulatory impact of
binding on their targets. These findings underscore the
complexity of posttranscriptional regulation of cellular systems.
RESULTS
Photoactivatable Nucleosides Facilitate RNA-RBP
Crosslinking in Cultured Cells
Random or site-specific incorporation of photoactivatable nucle-
oside analogs into RNA in vitro has been used to probe RBP- and
RNP-RNA interactions (Kirino and Mourelatos, 2008; Meisen-
heimer and Koch, 1997). Several of these photoactivatable nucle-130 Cell 141, 129–141, April 2, 2010 ª2010 Elsevier Inc.osides are readily taken up by cells
without apparent toxicity and have been
used for in vivo crosslinking (Favre et al.,
1986). We applied a subset of these nucle-
oside analogs (Figure 1A) to cultured cells
expressing the FLAG/HA-tagged RBP
IGF2BP1 followed by UV 365 nm irradia-
tion. The crosslinked RNA-protein com-
plexes were isolated by immunoprecipita-
tion, and the covalently bound RNA was
partially digested with RNase T1 and
radiolabeled. Separation of the radiola-
beled RNPs by SDS-PAGE indicated that
4SU-containing RNA crosslinked most
efficiently to IGF2BP1. Compared to con-
ventional UV 254 nm crosslinking, the
photoactivatable nucleosides improved
RNA recovery 100- to 1000-fold, using
the same amount of radiation energy
(Figure 1B). We refer to our method as
PAR-CLIP (Photoactivatable-Ribonucle-
oside-Enhanced Crosslinking and Immu-
noprecipitation) (Figure 1C).We evaluated the cytotoxic effects upon exposure of HEK293
cells to 100 mM and 1 mM of 4SU or 6SG in tissue culture medium
over a period of 12 hr by mRNA microarrays. The mRNA profiles
of 4SU or 6SG treated cells were very similar to those of
untreated cells (Table S1 available online), suggesting that the
conditions for endogenous labeling of transcripts were not toxic.
To guide the development of bioinformatic methods for iden-
tification of binding sites, we first studied human Pumilio 2
(PUM2), a member of the Puf-protein family (Figure 2A) known
for its highly sequence-specific RNA binding (Wang et al., 2002).
Identification of PUM2 mRNA Targets and Its RRE
PUM2 protein crosslinked well to 4SU-labeled cellular tran-
scripts (Figure 2B). The crosslinked segments were converted
into a cDNA library and Solexa sequenced (Hafner et al., 2008).
The sequence reads were aligned against the human genome
and EST databases. Reads mapping uniquely to the genome
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Figure 2. RNARecognition by PUM2Protein
(A) Domain structure of PUM2 protein.
(B) Phosphorimage of SDS-gel of radiolabeled
FLAG/HA-PUM2-RNA complexes from nonirradi-
ated or UV-irradiated 4SU-labeled cells. The lower
panel shows an anti-HA immunoblot.
(C) Alignments of PAR-CLIP cDNA sequence
reads to corresponding regions in the 30UTR of
ELF1 and HES1 Refseq transcripts. The number
of sequence reads (# reads) and mismatches
(errors) are indicated. Red bars indicate the
PUM2 recognition motif and red-letter nucleotides
indicate T to C sequence changes.
(D) Sequence logo of the PUM2 recognition motif
generated by PhyloGibbs analysis of the top 100
sequence read clusters.
(E) T to C positional mutation frequency for PAR-
CLIP clusters anchored at the 8-nt recognition
motif from all motif-containing clusters (Table S3).
The dashed line represents the average T to C
mutation frequency within these clusters.
See also Figure S1.with up to one mismatch, insertion or deletion were used to build
clusters of sequence reads (Figure 2C, Extended Experimental
Procedures, and Table S2). We obtained 7523 clusters origi-
nating from about 3000 unique transcripts, 93% of which were
found within the 30 untranslated region (UTR) (Figure S1) in agree-
ment with previous studies (Wickens et al., 2002). All sequence
clusters with mapping and annotation information are available
online (http://www.mirz.unibas.ch/restricted/clipdata/RESULTS/
index.html).
PhyloGibbs analysis (Siddharthan et al., 2005) of the top 100
most abundantly sequenced clusters (Table S3), as expected,
yielded the PUM2 RRE, UGUANAUA (Galgano et al., 2008)
(Figure 2D). Unexpectedly, over 70% of all sequence reads
that gave rise to clusters showed a T to C mutation compared
to the genome (Figure S1). Ranking of sequence read clusters
according to the frequency of T to C mutation further enriched
for the PUM2 RRE (Figure S1) indicating that the T to C mutation
is diagnostic of sequences interacting with the RBP. The T to C
changes were not randomly distributed: the T corresponding
to U7 of the RRE mutated at higher frequency compared to
the Ts corresponding to U1 and U3 (Figure 2E). Our analyses
suggest that the reverse transcriptase specifically misincorpo-
rated dG across from crosslinked 4SU residues and that localCell 141, 129–amino acid environment also affected
crosslinking efficiency. Uridines proximal
to the RRE also exhibited an increased
T to C mutation frequency, indicating
that crosslinks also form in close prox-
imity to an RRE and that our method
even captured PUM2 binding sites that
did not have a U7 in its RRE.
Identification of QKI RNA Targets
and Its RRE
To further validate our method, we
applied it to the RBP Quaking (QKI),which contains a single heterogeneous nuclear ribonucleopro-
tein K homology (KH) domain (Figures 3A and 3B). The RRE
ACUAAY was determined by SELEX (Galarneau and Richard,
2005), but in vivo targets are largely undefined. Mice with
reduced expression of QKI show dysmyelination and develop
rapid tremors or ‘‘quaking’’ 10 days after birth. Previous studies
suggested that QKI participates in pre-mRNA splicing, mRNA
export, mRNA stability and protein translation (Chenard and
Richard, 2008).
PhyloGibbs analysis of the 100 most abundantly sequenced
clusters (Table S3) yielded the RRE AYUAAY (Figures 3C and
3D), similar to a motif identified by SELEX (Galarneau and
Richard, 2005). We found approximately 6000 clusters mapping
to 2500 transcripts. Close to 75% of these clusters were derived
from intronic sequences, supporting the hypothesis that QKI is
a splicing regulator (Chenard and Richard, 2008) and 70% of
the remaining exonic clusters fall into 30UTRs (Figure S2).
Mutation analysis of the clustered sequence reads showed
that the T corresponding to U2 in AUUAAY was frequently
altered to C whereas the T corresponding to U3 in AUUAAY or
ACUAAY remained unaltered (Figure 3E). Crosslinking of 4SU
residues located in immediate vicinity to the RRE was mostly
responsible for exposing the motif with C2, showing that141, April 2, 2010 ª2010 Elsevier Inc. 131
QKI
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Figure 3. RNA Recognition by QKI Protein
(A) Domain structure of QKI protein.
(B) Phosphorimage of SDS-gel resolving radiola-
beled RNA crosslinked to FLAG/HA-QKI IPs from
nonirradiated or UV-irradiated 4SU-labeled cells.
The lower panel shows the anti-HA immunoblot.
(C) Alignments of PAR-CLIP cDNA sequence
reads to the corresponding regions in the 30UTRs
of the CTNNB1 and HOXD13 transcripts. Red
bars indicate the QKI recognition motif and red-
letter nucleotides indicate T to C sequence
changes.
(D) Sequence logo of the QKI recognition motif
generated by PhyloGibbs analysis of the top 100
sequence read clusters.
(E) T to C positional mutation frequency for PAR-
CLIP clusters anchored at the AUUAAY (left panel)
and ACUAAY (right panel) RRE (Table S3); Y = U or
C. The dashed line represents the average T to C
mutation frequency within these clusters.
(F) Sequences of synthetic 4SU-labeled oligoribo-
nucleotides with QKI recognition motifs, derived
from a sequence read cluster aligning to the
30UTR of HOXD13 shown in (C) 4SU-modified resi-
dues are underlined.
(G) Phosphorimage of SDS-gel resolving recombi-
nant QKI protein after crosslinking to radiolabeled
synthetic oligoribonucleotides shown in (F). (H)
Stabilization of QKI-bound transcripts upon siRNA
knockdown. Two distinct siRNA duplexes (1,
orange traces and 2, black traces) were used for
QKI knockdown and changes in transcript stability
relative to mock transfection were inferred from
microarray analysis. Shown are the distributions
of changes upon siRNA transfection for transcripts
that did (dashed lines) or did not (solid lines)
contain QKI PAR-CLIP clusters. The p-values
obtained in the Wilcoxon rank-sum test comparing
the changes in targeted and nontargeted tran-
scripts are indicated.
See also Figure S2.crosslinking inside the recognition element is not a precondition
for its identification. Hence, the discovery of RREs is unlikely to
be prevented by sequence-dependent crosslinking biases as
long as deep enough sequencing captures these interaction
sites at and nearby the RRE.
T to C Mutations Occur at the Crosslinking Sites
To better characterize the T to C transition observed in cross-
linked RNA segments, we UV 365 nm crosslinked oligoribonu-
cleotides containing single 4SU substitutions to recombinant
QKI (Figures 3F and 3G). The crosslinking efficiency varied
50-fold and mirrored the results of the mutational analysis
(Figure 3G). The least effective crosslinking was observed for
placement of 4SU at position 3 of the QKI RRE (4SU9), and the
most effective crosslinking was found at position 2 of the QKI
RRE (4SU10); the crosslinking efficiency for two positions
outside of the RRE (4SU2 and 4SU4) was intermediate. Neither
of these substitutions affected RNA-binding to recombinant
QKI protein as determined by gel-shift analysis, whereas muta-
tions of the recognition element weakened the binding between
2.5- and 9-fold (Table S1).132 Cell 141, 129–141, April 2, 2010 ª2010 Elsevier Inc.Next, we sequenced libraries prepared from noncrosslinked
as well as QKI-protein-crosslinked oligoribonucleotides contain-
ing 4SU at indicated positions (Figure 3F). The fraction of
sequence reads with T to C changes obtained from nonirradiated
4SU-containing oligoribonucleotides varied between 10 and
20%, and increased to 50% to 80% upon crosslinking (Table
S1). The variation of the degree of T to C changes in the cross-
linked samples is most likely determined by background of
noncrosslinked oligoribonucleotides. Presumably, the T to C
transition frequency is increased upon crosslinking as a direct
consequence of a chemical structure change of the 4SU nucle-
obase upon crosslinking to protein amino acid side chains,
resulting in altered stacking or hydrogen bond donor/acceptor
properties directing the preferential incorporation of dG rather
than dA during reverse transcription (Figure S1). At the doses
of 4SU applied to cultured cells, about 1 out of 40 uridines was
substituted by 4SU as determined by HPLC analysis of the
nucleoside composition of total RNA. Assuming a 20% T to C
conversion rate for a noncrosslinked 4SU-labeled site, we esti-
mated that the average T to C conversion rate of 40-nt sequence
reads derived from background noncrosslinked sequences will
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Figure 4. RNA Recognition by the IGF2BP
Protein Family
(A) Domain structure of IGF2BP1-3 proteins.
(B) Phosphorimage of an SDS-gel resolving radio-
labeled RNA crosslinked to FLAG/HA-IGF2BP1-3
IPs. The lower panel shows anti-HA immunoblots.
(C) Alignments of IGF2BP1 PAR-CLIP cDNA
sequence reads to the corresponding regions of
the 30UTRs of EEF2 and MRPL9 transcripts. Red
bars indicate the 4-nt IGF2BP1 recognition motif
and nucleotides marked in red indicate T to C
sequence changes.
(D) Sequence logo of the IGF2BP1-3 RRE gener-
ated by PhyloGibbs analysis of the top 100
sequence read clusters.
(E) T to C positional mutation frequency for PAR-
CLIP clusters anchored at the 4-nt recognition
motif from all motif-containing clusters (Table S3).
The dashed line represents the average T to
C mutation frequency within these clusters.
(F) Phosphorimage of native PAGE resolving com-
plexes of recombinant IGF2BP2 protein with wild-
type (left panel) and mutated target oligoribonu-
cleotide (right panel). Sequences and dissociation
constants (Kd) are indicated.
(G) Destabilization of IGF2BP-bound transcripts
upon siRNA knockdown. A cocktail of three siRNA
duplexes targeting IGF2BP1, 2, and 3 was used,
as well as a mock transfection and changes in tran-
script stability were monitored by microarray anal-
ysis. Distributions of transcript level changes for
IGF2BP1-3 PAR-CLIP target transcripts versus
nontargeted transcripts are shown. IGF2BP1-3
target sequences were ranked and divided into
bins. The p-values indicate the significance of the
difference between the changes of target versus
nontarget transcripts, as given by the Wilcoxon
rank-sum test and are corrected for multiple
testing.
See also Figure S3 and Figure S4.be near 5%. Clusters of sequence reads with average T to C
conversion above this threshold, irrespective of the number of
sequence reads, most certainly represent crosslinking sites.
The ability to separate signal from noise by focusing on clusters
with a high frequency of T to C mutations rather than clusters
with the largest number of reads, represents a major enhance-
ment of our method over UV 254 nm crosslinking methods.
To assess whether the transcripts identified by PAR-CLIP are
regulated by QKI, we analyzed the mRNA levels of mock-trans-
fected and QKI-specific siRNA-transfected cells with microar-
rays. Transcripts crosslinked to QKI were significantly upregu-
lated upon siRNA transfection, indicating that QKI negatively
regulates bound mRNAs (Figure 3H), consistent with previous
reports of QKI being a repressor (Chenard and Richard, 2008).
Identification of IGF2BP Family RNA Targets and Its RRE
We then applied PAR-CLIP to the FLAG/HA-tagged insulin-like
growth factor 2 mRNA-binding proteins 1, 2, and 3 (IGF2BP1-3)(Figures 4A and 4B), a family of highly conserved proteins that
play a role in cell polarity and cell proliferation (Yisraeli, 2005).
These proteins are predominantly expressed in the embryo
and regulate mRNA stability, transport and translation. They
are re-expressed in various cancers (Boyerinas et al., 2008;
Dimitriadis et al., 2007) and IGF2BP2 has been associated with
type-2 diabetes (Diabetes Genetics Initiative of Broad Institute
of Harvard and MIT et al., 2007). The IGF2BPs are highly similar
and contain six canonical RNA-binding domains, two RNA
recognition motifs (RRMs) and four KH domains (Figure 4A).
Therefore, target recognition for this protein family appears
complex, with only a small number of coding and noncoding
RNA targets being known so far. A precise definition of the
RREs is missing (Yisraeli, 2005).
The three IGF2BPs recognized a highly similar set of target
transcripts (Table S1), suggesting similar and redundant func-
tions. PhyloGibbs analysis of the clusters derived from mRNAs
(Figure 4C and Table S3) yielded the sequence CAUH (H = A,Cell 141, 129–141, April 2, 2010 ª2010 Elsevier Inc. 133
U, or C) as the only consensus recognition element (Figure 4D),
contained in more than 75% of the top 1000 clusters for
IGF2BP1, 2 or 3 (Figure S3). In total, we identified over 100,000
sequence clusters recognized by the IGF2BP family that map
to about 8,400 protein-coding transcripts. The annotation of
the clusters was predominantly exonic (ca. 90%) with a slight
preference for 30UTR relative to coding sequence (CDS) (Fig-
ure S3). The mutation frequency of all sequence tags containing
the element CAUH (H = A, C, or U) showed that the crosslinked
residue was positioned inside the motif, or in the immediate
vicinity (Figure 4E). The consensus motif CAUH was found in
more than 75% of the top 1000 targeted transcripts, followed
in more than 30% by a second motif, predominantly within
a distance of three to five nucleotides (Figure S13). In vitro
binding assays showed that nucleotide changes of the CAUH
motif decreased, but did not abolish the binding affinity
(Figure 4F and Table S1).
To test the influence of IGF2BPs on the stability of their inter-
acting mRNAs, as reported previously for some targets (Yisraeli,
2005), we simultaneously depleted all three IGF2BP family mem-
bers using siRNAs and compared the cellular RNA from knock-
down and mock-transfected cells on microarrays. The levels
of transcripts identified by PAR-CLIP decreased in IGF2BP-
depleted cells, indicating that IGF2BP proteins stabilize their
target mRNAs. Moreover, transcripts that yielded clusters with
the highest T to C mutation frequency were most destabilized
(Figure 4G), indicating that the ranking criterion that we derived
based on the analysis of PUM2 and QKI data generalizes to other
RBPs.
For comparison to conventional and high-throughput se-
quencing CLIP (Licatalosi et al., 2008; Ule et al., 2003), we also
sequenced cDNA libraries prepared from UV 254 nm crosslink-
ing. Of the 8,226 clusters identified by UV 254 nm crosslinking
of IGF2BP1, 4,795 were found in the PAR-CLIP dataset.
Although UV 254 nm crosslinking identified the identical seg-
ments of a target RNA as PAR-CLIP, the position of the crosslink
could not be readily deduced, because no abundant diagnostic
mutation was observed (Figure S4).Identification of miRNA Targets by AGO and TNRC6
Family PAR-CLIP
To test our approach on RNP complexes, we selected the pro-
tein components mediating miRNA-guided target RNA recogni-
tion. In animal cells, miRNAs recognize their target mRNAs
through base-pairing interactions involving mostly 6–8 nucleo-
tides at the 50 end of the miRNA (the so called ‘‘seed’’) (Bartel,
2009). Target sites were thought to be predominantly located
in the 30UTRs of mRNAs, and computational miRNA target
prediction methods frequently resort to identification of evolu-
tionarily conserved sites that are located in 30UTRs and are
complementary to miRNA seed regions (Bartel, 2009; Rajewsky,
2006).
We isolated mRNA fragments bound by miRNPs from HEK293
cell lines stably expressing FLAG/HA-tagged AGO or TNRC6
family proteins (Landthaler et al., 2008). The AGO IPs revealed
two prominent RNA-crosslinked bands of 100 and 200 kDa, re-
presenting AGO, and likely TNRC6 and/or DICER1 protein.134 Cell 141, 129–141, April 2, 2010 ª2010 Elsevier Inc.The TNRC6 IPs showed one prominent RNA-crosslinked protein
of 200 kDa (Figure 5A).
From clusters (Figure 5B) formed by at least 5 PAR-CLIP
sequence reads and containing more than 20% T to C transitions
(Table S2), we extracted 41 nt long regions centered over the
predominant T to C transition or crosslinking site. The length of
the crosslink-centered regions (CCRs) was selected to include
all possible registers of miRNA/target-RNA pairing interactions
relative to the crosslinking site.
PAR-CLIP of individual AGO proteins yielded on average
about 4000 clusters that overlapped, supporting our earlier
observation that AGO1-4 bound similar sets of transcripts (Land-
thaler et al., 2008). We therefore combined the sequence reads
obtained from all AGO experiments, which yielded 17,319 clus-
ters of sequence reads at a cut-off of 5 reads (Table S4). These
clusters distributed across 4647 transcripts with defined
GeneIDs, corresponding to 21% of the 22,466 unique HEK293
transcripts that we identified by digital gene expression (DGE).
PAR-CLIP of individual TNRC6 proteins yielded on average
about 600 clusters that also overlapped substantially, again
consistent with our observation that TNRC6 family proteins
bind similar transcripts (Landthaler et al., 2008). We therefore
combined all sequence reads from all TNRC6 experiments,
yielding 1865 clusters and CCRs (Table S4). More than 50% of
these TNRC6 CCRs fell within 25 nt of an AGO CCR, and 26%
overlapped by at least 75%, indicating that AGO and TNRC6
members bind to the same sites (Figure S5).Comparison of miRNA Profiles from AGO PAR-CLIP
to Noncrosslinked miRNA profiles
To relate the potential miRNA-target-site–containing CCRs to
the endogenously expressed miRNAs, we determined the
miRNA profiles from total RNA isolated from HEK293 cells, and
miRNAs isolated from noncrosslinked AGO1-4 IPs by Solexa
sequencing (Hafner et al., 2008), and compared them to the
profile from the miRNAs present in the combined AGO1-4
PAR-CLIP library. miRNA profiles obtained from total RNA and
IP of the four AGO proteins in noncrosslinked cells correlated
well (Figure 5C and Table S5) supporting our observation
that AGO1-4 bind the same targets (Landthaler et al., 2008).
The most abundant among the 557 identified miRNAs and
miRNAs* were miR-103 (7% of miRNA sequence reads),
miR-93 (6.5%), and miR-19b (5.5%). The 25 and 100 most abun-
dant miRNAs accounted for 72% and 95% of the total of miRNA
sequence reads, respectively. Comparison of the miRNA profile
derived from the combined AGO PAR-CLIP library with the
combined noncrosslinked libraries showed a good correlation
(Spearman correlation coefficient of 0.56, Figure 5C and
Figure S5A).
Importantly, in the AGO PAR-CLIP library, the majority of
miRNA sequence reads derived from prototypical miRNAs
(Landgraf et al., 2007) displayed T to C conversion near or above
50%. The T to C conversion was predominantly concentrated
within positions 8 to 13 (Figure 5D), residing in the unpaired
regions of the AGO protein ternary complex (Wang et al.,
2008). Five of the 100 most abundant miRNAs in HEK293 cells
lack uridines at position 8–13, yet only 2 of those miRNAs,
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Figure 5. AGO Protein Family and TNRC6
Family PAR-CLIP
(A) Phosphorimage of SDS-gels resolving radiola-
beled RNA crosslinked to the FLAG/HA-AGO1-4
and FLAG/HA-TNRC6A-C IPs. The lower panel
shows the immunoblot with an anti-HA antibody.
(B) Alignment of AGO PAR-CLIP cDNA sequence
reads to the corresponding regions of the 30UTRs
of PAG1 and OGT. Red bars indicate the 8-nt miR-
103 seed complementary sequence and nucleo-
tides marked in red indicate T to C mutations.
(C) miRNA profiles from RNA isolated from
untreated HEK293 cells, noncrosslinked FLAG/
HA-AGO1-4 IPs, and combined AGO1-4 PAR-
CLIP libraries. The color code represents relative
frequencies determined by sequencing. miRNAs
indicated in red were inhibited by antisense oligo-
nucleotides for the transcriptome-wide character-
ization of the destabilization effect of miRNA
binding.
(D) T to C positional mutation frequency for miRNA
sequence reads is shown in black, and the normal-
ized frequency of occurrence of uridines within
miRNAs is shown in red. The dashed red line
represents the normalized mean U frequency in
miRNAs.
See also Figure S5.miR-374a and b, showed no crosslinking, because uridines at
residues 14 and higher can still be crosslinked (Table S5). This
frequency of crosslinks was substantially lower in the miRNAs
whose expression did not correlate between AGO-IP and AGO
PAR-CLIP samples compared to the miRNAs whose expression
correlated well (Figure S5).
mRNAs Interacting with AGOs Contain miRNA Seed
Complementary Sequences
Independent of any pairing models for miRNAs and their targets,
we first determined the enrichment of all 16,384 possible 7-mers
within the 17,319 AGO CCRs, relative to random sequences
with the same dinucleotide composition. The most significantly
enriched 7-mers, except for a run of uridines, corresponded to
the reverse complement of the seed region (position 2–8) of
the most abundant HEK293 miRNAs, and they were most
frequently positioned 1–2 nt downstream of the predominant
crosslinking site within the CCRs (Figure 6A). This places theCell 141, 129–crosslinking site near the center of the
AGO-miRNA-target-RNA ternary com-
plex, where the target RNA is proximal
to the Piwi/RNase H domain of the AGO
protein (Wang et al., 2008). The polyuri-
dine motif lies within the region of target
RNA that may be able to basepair with
the 30 half of miRNA loaded into AGO
proteins (Wang et al., 2008, 2009). There-
fore, these stretches of uridine may
contribute directly to miRNA-target RNA
hybridization or, as has been suggested
previously, they may represent an inde-
pendent determinant of miRNA targeting specificity (Grimson
et al., 2007; Hausser et al., 2009).
To further examine the positional dependence of target RNA
crosslinking, we aligned the CCRs containing 7-mer seed
complements to the 100 most abundant miRNAs and plotted
the position-dependent frequency of finding a crosslinked
position (Figure 6B). This identified two additional crosslinking
regions, which correspond to the unpaired 50 and 30 ends of
the target RNA exiting from the AGO ternary complex, indicating
that the window size of 41 nt centered on the predominant cross-
link position always included the miRNA-complementary sites.
We then computed the number of occurrences of miRNA-
complementary sequences of various lengths in the CCRs and
calculated their enrichment (Table S6). The most significant
enrichment was generally obtained with 8-mers that were
complementary to miRNA seed regions (pos. 1–8). Inspection
of the region between 3 nt upstream and 9 nt downstream of
the predominant crosslinking site reveals that approximately141, April 2, 2010 ª2010 Elsevier Inc. 135
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Figure 6. AGO PAR-CLIP Identifies miRNA
Seed-Complementary Sequences in HEK293
Cells
(A) Representation of the 10 most significantly
enriched 7-mer sequences within PAR-CLIP
CCRs. T/C indicates the predominant T to C transi-
tion within clusters of sequence reads.
(B) T to C positional mutation frequency for clusters
of sequence reads anchored at the 7-mer seed
complementary sequence (pos. 2–8 of the miRNA)
from all clusters containing seed-complementary
sequences to any of the top 100 expressed miRNAs
in HEK293 cells. The dashed line represents the
average T to C mutation frequency within the clus-
ters.
(C) Identification of 4-nt base-pairing regions
contributing to miRNA target recognition. CCRs
with at least one 7-mer seed complementary region
to one of the top 100 expressed miRNAs were
selected. The number of 4-nt contiguous matches
in the CCRs relative to the 50end of the matching
miRNA was counted.
(D) Analysis of the positional distribution of CCRs.
The number of clusters annotated as derived
from the 50UTR, CDS or 30UTR of target transcripts
is shown (green bars). Yellow bars show the
expected location distribution of the crosslinked
regions if the AGO proteins bound without regional
preference to the target transcript.
See also Figure S6.50% of the CCRs contain 6-mers corresponding to one of the
top 100 expressed miRNAs (Figure S5), with a 1.5-fold enrich-
ment over random 6-mers. Given that 6-mers still showed
some degree of excess conservation in comparative genomics
studies (Gaidatzis et al., 2007; Lewis et al., 2005) (Table S6)
and that our analysis was focused on a narrow window directly
downstream of the crosslinking site, our results suggest that
the majority of the CCRs represent bona fide miRNA binding
sites. Furthermore, the number of miRNA seed complements
for all known miRNAs correlated well with the expression levels
of miRNAs found in HEK293 cells, and less well with miRNA
profiles of other tissue samples (Figure S6B).
The nucleotide composition of CCRs that contained at least
one 7-mer seed complementary to one of the top 100 expressed
miRNA showed a slightly elevated U-content (approx. 30% U)
compared to those CCRs not containing seed matches (Fig-
ure S6C), which was expected from previous bioinformatic anal-
yses of functional miRNA-binding sites.136 Cell 141, 129–141, April 2, 2010 ª2010 Elsevier Inc.Noncanonical and 30End Pairing
of miRNAs to their mRNA Targets
Is Limited
Structural and biochemical studies of the
ternary complex of T. thermophilus Ago,
guide and target indicated that small
bulges and mismatches could be accom-
modated in the seed pairing region within
the target RNA strand (Wang et al., 2008).
We therefore searched for putative target
RNA binding sites that did not conform tothe model of perfect miRNA seed pairing, but rather contained
a discontinuous segment of sequence complementarity to either
target or miRNA with a minimum of 6 base pairs. We only con-
sidered pairing patterns if they were significantly enriched in
CCRs compared to dinucleotide randomized sequences, and if
the CCRs containing them did not at the same time contain
perfectly pairing seed-type sites. We identified 891 CCRs with
mismatches and 256 with bulges in the seed region (Table S7).
Mismatches occurred most frequently across from position 5
of the miRNA as G-U or U-G wobbles, U-U mismatches and
A-G mismatches (A residing in the miRNA). Therefore, it appears
that only a small fraction of the miRNA target sites that we iso-
lated (less than 6.6%), contained bulges or loops in the seed
region.
To assess the role of auxiliary base pairing outside of the seed
region, we selected CCRs that contained a 7-mer seed match to
one of the 100 most abundant miRNAs. Supporting earlier
computational results (Grimson et al., 2007), we also detected
AC
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Figure 7. Relationship between Various
Features of miRNA/Target RNA Interactions
and mRNA Stability
(A) FLAG/HA-AGO2-tagged HEK293 cells were
transfected with a cocktail of 25 20-O-methyl modi-
fied antisense oligoribonucleotides, inhibiting miR-
NAs marked in red in Figure 5C, or mock trans-
fected, followed by microarray analysis of the
change of mRNA expression levels.
(B) Transcripts containing CCRs were categorized
according to the presence of n-mer seed comple-
mentary matches and the distributions of stability
changes upon miRNA inhibition are shown for
these categories. The stability change for tran-
scripts harboring CCRs without identifiable miRNA
seed-complementary regions is also shown. The
p values indicate the significance of the difference
between the transcript level changes of transcripts
containing CCRs versus transcripts without CCRs,
as given by the Wilcoxon rank-sum test and are
corrected for multiple testing.
(C) Transcripts were categorized according to the
number of CCRs they contained.
(D) Transcripts were categorized according to the
positional distribution of CCRs. Only transcripts
containing CCRs exclusively in the indicated
region are used.
(E) Codon adaptation index (CAI) for transcripts
containing 7-mer seed complementary regions
(pos. 2-8) in the CDS for the miR-15, miR-19,
miR-20, and let-7 miRNA families. The red and
the black lines indicate the CAI for seed-comple-
mentary sequence containing transcripts bound
and not bound by AGO proteins determined by
AGO PAR-CLIP.
(F) LOESS regression of total transcript abundance
in HEK293 cells (log2 of sequence counts deter-
mined by digital gene expression (DGE)) against
fold change of transcript abundance (log2) deter-
mined by microarrays after transfection of the
miRNA antagonist cocktail versus mock transfec-
tion of AGO-bound and unbound transcripts.
See also Figure S7.a weak signal for contiguous 4-nt long matches to positions
13–15 of the miRNA (Figure 6C).
miRNA Binding Sites in CDS and 30UTR Destabilize
Target mRNAs to Different Degrees
The majority (84%) of AGO CCRs originated in exonic regions,
with only 14% from intronic, and 2% from undefined regions.
Of the exonic CCRs, 4% corresponded to 50UTRs, 50% to
CDS, and 46% to 30UTRs (Figure 6D).
Evidence of widespread binding of miRNAs to the CDS was
reported before (Easow et al., 2007; Lewis et al., 2005). However,
miRNAs are believed to predominantly act on 30UTRs (Bartel,
2009), with relatively few reports providing experimental evi-
dence for miRNA-binding to individual 50UTRs or CDS (Easow
et al., 2007; Forman et al., 2008; Lytle et al., 2007; Orom et al.,
2008; Tay et al., 2008).
To obtain evidence that AGO CCRs indeed contain functional
miRNA-binding sites, we blocked 25 of the most abundant
miRNAs in HEK293 cells (Figure 5C) by transfection of a cocktailof 20-O-methyl-modified antisense oligoribonucleotides and
monitored the changes in mRNA stability by microarrays (Fig-
ure 7A). Consistent with previous studies of individual miRNAs
(Grimson et al., 2007), the magnitude of the destabilization
effects of transcripts containing at least one CCR depended on
the length of the seed-complementary region and dropped
from 9-mer to 8-mer to 7-mer to 6-mer matches (Figure 7B).
We did not find evidence for significant destabilization of
transcripts that only contained imperfectly paired seed regions.
Next, we examined whether the change in stability of CCR-
containing transcripts correlated with the number of binding
sites. We found that multiple sites were more destabilizing
compared to single sites (Figure 7C), and that multiple binding
sites may also reside within a single 41-nt CCR (Figure S6).
Both of these findings are in agreement with previous observa-
tions (Grimson et al., 2007).
Then we analyzed the impact on stability for transcripts with
CCRs exclusively present either in the CDS or the 30UTR; there
were not enough transcripts to assess the impact of CCRsCell 141, 129–141, April 2, 2010 ª2010 Elsevier Inc. 137
derived from the 50UTR. CDS-localized sites only marginally
reduced mRNA stability (Figure 7D), independent of the extent
of seed pairing. To gain more insights into miRNA binding in
the CDS, we examined the codon adaptation index (CAI) (Sharp
and Li, 1987) around crosslinked seed matches, and found that
the sequence environment of crosslinked seed matches differed
from that of noncrosslinked seed matches in the CAI. The bias in
codon usage extended for at least 70 codons up- as well as
downstream of the crosslinked seed matches (Figure 7E), which
also correlates well with the marked increase in the A/U content
around the binding sites that would lead to a codon usage bias.
It was recently reported that miRNA regulation in the CDS was
enhanced by inserting rare codons upstream of the miRNA-
binding site, presumably due to increased lifetime of miRNA-
target-RNA interactions as ribosomes are stalled (Gu et al.,
2009). These observations suggest that transcripts with reduced
translational efficiency form at least transient miRNP complexes
amenable to UV crosslinking.
The abundance of mRNAs expressed in HEK293 cells varied
over 5 orders of magnitude as shown by DGE profiling. When
we related the expression level of CCR-containing transcripts
with the magnitude of transcript stabilization after miRNA inhibi-
tion, we found that miRNAs preferentially act on transcripts
with low and medium expression levels (Figure 7F). Highly ex-
pressed mRNAs appear to avoid miRNA regulation (Stark
et al., 2005), at least for those miRNAs expressed in HEK293
cells. However, we cannot fully rule out that the weaker
response of highly abundant targets may be due to lower affinity
and reduced occupancy of miRNA binding sites in highly abun-
dant transcripts.
Earlier studies defining miRNA target regulation were carried
out by transfection of miRNAs into cellular systems originally
devoid of these miRNAs (Baek et al., 2008; Lim et al., 2005;
Selbach et al., 2008). We transfected miRNA duplexes corre-
sponding to the deeply conserved miR-7 and miR-124 into
FLAG/HA-AGO2 cells, performed PAR-CLIP (Figure S7), and
also recorded the effect on mRNA stability upon miR-7 and
miR-124 transfection by microarray analysis. Transcripts con-
taining miR-7- or miR-124-specific CCRs were destabilized,
especially when CCRs were located in the 30UTR (Figure S7).
Context Dependence of miRNA Binding
Not every seed-complementary sequence in the HEK293 tran-
scriptome yielded a CCR, thereby providing an opportunity to
identify sequence context features specifically contributing to
miRNA target binding and crosslinking. For seed-complementary
sites that were crosslinked and those that were not crosslinked,
we computed the evolutionary selection pressure by the ElMMo
method (Gaidatzis et al., 2007), the mRNA stability scores by Tar-
getScan context score (Grimson et al., 2007), and sequence
composition and structure measures for the regions around the
miRNA seed complementary sites. The feature that distinguished
most crosslinked from noncrosslinked seed matches was a 25%
lower free energy required to resolve local secondary structure
involving the miRNA-binding region (Figure S7), associated with
a 6% increase in the A/U content within 100 nt around the
seed-pairing site. These differences were similar for sites located
in the CDS and 30UTRs. Compared to noncrosslinked sites,138 Cell 141, 129–141, April 2, 2010 ª2010 Elsevier Inc.crosslinked sites are under stronger evolutionary selection
(ElMMo) and in sequence contexts facilitating miRNA-dependent
mRNA degradation (TargetScan context score).
The location of AGO CCRs within transcript regions was
nonrandom and 7-mer or 8-mer sites within the 30UTR were pref-
erentially located near the stop codon or the polyA tail in tran-
scripts with relatively long 30UTRs (more than 3 kb) (Figure S7).
The location of CCRs in the CDS was biased toward the stop
codon for the transfected miR-7 and 124, but not for the endog-
enous miRNAs (Figure S7).
Finally, we wanted to examine how miRNA targets defined
by PAR-CLIP compared in regulation of target mRNA stability to
those predicted by ElMMo (Gaidatzis et al., 2007), TargetScan
context score (Grimson et al., 2007), TargetScan Pct (Friedman
et al., 2009) and PicTar (Lall et al., 2006). In each case, we selected
the same number of highest-scoring sites containing a 7-mer
seed-complement to the top 5 expressed miRNAs (let-7a, miR-
103, miR-15a, miR-19a, and miR-20a). The analysis was limited
to 30UTR sites due to restriction by the prediction methods.
The effect on mRNA stability, as assessed by miRNA antisense
inhibition, was overall equivalent for transcripts harboring CCRs
compared to transcripts predicted by ElMMo, TargetScan
context score, TargetScan Pct and PicTar (Figure S7).
DISCUSSION
Maturation, localization, decay and translational regulation of
mRNAs involve formation of complexes of RBPs and RNPs
with their RNA targets (Martin and Ephrussi, 2009; Moore and
Proudfoot, 2009). Several hundred RBPs are encoded in the
human genome, many of them containing combinations of
RNA-binding domains which are drawn from a relatively small
repertoire, resulting in diverse structural arrangements and dif-
ferent specificities of target RNA recognition (Lunde et al.,
2007). Furthermore hundreds of miRNAs function together with
AGO and TNRC6 proteins to destabilize target mRNAs and/or
repress their translation (Bartel, 2009). Collectively, these factors
and their presumably combinatorial action constitute the code
for posttranscriptional gene regulation. Here we describe an
approach to directly identify transcriptome-wide mRNA-binding
sites of regulatory RBPs and RNPs in live cells.
PAR-CLIP Allows High-Resolution Mapping of RBP
and miRNA Target Sites
We showed that application of photoactivatable nucleoside
analogs to live cells facilitates RNA-protein crosslinking and
transcriptome-wide identification of RBP and RNP binding
sites. We concentrated on 4SU after it became apparent that
the crosslinking sites in isolated RNAs were revealed upon
sequencing by a prominent transition from T to C in the cDNA
prepared from the isolated RNA segments. Compared to regular
UV 254 nm crosslinking in the absence of photoactivatable
nucleosides, our method has two distinct advantages. We obtain
higher yields of crosslinked RNAs using similar radiation intensi-
ties, and more importantly, we can identify crosslinked regions
by mutational analysis. Studies using conventional UV 254 nm
CLIP have not reported the incidence of deletions and substitu-
tions (Chi et al., 2009; Licatalosi et al., 2008; Ule et al., 2003;
Zisoulis et al., 2010), except for recent work by Grannemann
et al. on the U3 snoRNA that showed an increase of deletions
at the RBP binding site (Granneman et al., 2009). Our own anal-
ysis indicates that mutations in sequence reads derived from UV
254 nm CLIP were at least one order of magnitude less frequent
than T to C transitions observed in PAR-CLIP (Figure S3).
From an experimental perspective, it is important to note
that crosslinked RNA segments, irrespective of the methods of
isolation, are always contaminated with noncrosslinked RNAs,
as shown by consistent identification of rRNAs, tRNAs, and
miRNAs (Table S2). Compared to crosslinked RNA fragments,
these unmodified RNA molecules are more readily reverse tran-
scribed, which underscores the need for separation of cross-
linked signal from noncrosslinked noise. We now provide a
method that accomplishes this critical task.Context Dependence of 4SU Crosslink Sites
It is conceivable that binding sites located in peculiar sequence
environments, e.g., those completely devoid of U, may exist and
cannot be captured using 4SU-based crosslinking. However,
such sites are extremely rare. Only about 0.4% of 32-nt long
sequence segments, representative of the length of our Solexa
sequence reads, are U-less, corresponding to an occurrence
of one such segment in every 8 kb of a transcript.
Nonetheless, to provide a means to resolve such unlikely situ-
ations, we explored the use of other photoactivatable nucleo-
sides, such as 6SG to identify IGF2BP1 binding sites. We found
a good correlation between the sequence reads obtained from
a given gene with 4SU and 6SG (Pearson correlation coefficient
0.65, Table S1). Moreover, the sequence read clusters, repre-
senting individual binding sites, overlapped strongly: 59% out
of the 47,050 6SG clusters were also identified with 4SU, despite
of the fact that the environment of IGF2BP1 binding sites was
strongly depleted for guanosine. Interestingly, the sequence
reads obtained after 6SG crosslinking were enriched for G to A
transitions, pointing to a structural change in 6SG analogous to
the situation in PAR-CLIP with 4SU. Because 6SG appears to
have lower crosslinking efficiency compared to 4SU, we recom-
mend to first use 4SU and then resort to 6SG when the data indi-
cates that the sites of interest are located in sequence contexts
devoid of uridines. It is important to point out that neither of these
photoactivatable nucleotides appears to be toxic under our rec-
ommended conditions.miRNA Target Identification
When applying PAR-CLIP to isolate miRNA-binding sites, we
were surprised to find nearly 50% of the binding sites located in
the CDS. However, miRNA inhibition experiments showed that
miRNA binding at these sites only caused small, yet significant
mRNA destabilization. In spite of the difference in their efficiency
of triggering mRNA degradation, CDS and 30UTR sites appear to
have similar sequence and structure features. The sequence bias
around CDS sites is associated with an increased incidence of
rare codon usage, which could in principle reduce translational
rate, thereby providing an opportunity for transient miRNP
binding and regulation. Similar observations were made previ-
ously using artificially designed reporter systems (Gu et al., 2009).The use of the knowledge of the crosslinking site allowed us to
narrowly define the miRNA-binding regions for matching the site
with the most likely miRNA endogenously co-expressed with its
targets, and to assess noncanonical miRNA-binding modes. We
were able to explain the majority of PAR-CLIP binding sites by
conventional miRNA-mRNA seed-pairing interactions (Grimson
et al., 2007), yet found that about 6% of miRNA target sites might
best be explained by accepting bulges or mismatches in the
seed pairing region, similar to the interaction between let-7 and
its target lin-41 (Vella et al., 2004) and those recently observed
in biochemical and structural studies of T. thermophilus Ago
protein (Wang et al., 2008; Wang et al., 2009).The mRNA Ribonucleoprotein Code and Its Impact
on Gene Regulation
We were able to identify all of the crosslinkable RNA-binding
sites present in about 9,000 of the top-expressed mRNA in
HEK293 cells representing approximately 95% of the total
mRNA molecules of a cell. One of the surprising outcomes of
our study was that each of the examined RBPs or miRNPs bound
and presumably controlled between 5 and 30% of the more than
20,000 transcripts detectable in HEK293 cells. These results
demonstrate that a transcript will generally be bound and regu-
lated by multiple RBPs, the combination of which will determine
the final gene-specific regulatory outcome. Exhaustive high-
resolution mapping of RBP– and RNP–target-RNA interactions
is critical, because it may lead to the discovery of specific combi-
nation of sites (or modules) that may control distinct cellular
processes and pathways. To gain further insights into the
dynamics of mRNPs it will be important to also map the sites
of RNA-binding factors, such as helicases, nucleases or poly-
merases, where the specificity determinants are poorly under-
stood. The precise identification of RNA interaction sites will be
extremely useful for interrogating the rapidly emerging data on
genetic variation between individuals and whether some of these
variations possibly contribute to complex genetic diseases by
affecting posttranscriptional gene regulation.EXPERIMENTAL PROCEDURES
PAR-CLIP
Human embryonic kidney (HEK) 293 cells stably expressing FLAG/HA-tagged
IGF2BP1-3, QKI, PUM2, AGO1-4, and TNRC6A-C (Landthaler et al., 2008)
were grown overnight in medium supplemented with 100 mM 4SU. Living cells
were irradiated with 365 nm UV light. Cells were harvested and lysed in NP40
lysis buffer. The cleared cell lysates were treated with RNase T1. FLAG/HA-
tagged proteins were immunoprecipitated with anti-FLAG antibodies bound to
Protein G Dynabeads. RNase T1 was added to the immunoprecipitate. Beads
were washed and resuspended in dephosphorylation buffer. Calf intestinal alka-
line phosphatase was added to dephosphorylate the RNA. Beads were washed
and incubated with polynucleotide kinase and radioactive ATP to label the
crosslinked RNA. The protein-RNA complexes were separated by SDS-PAGE
and electroeluted. The electroeluate was proteinase K digested. The RNA was
recovered by acidic phenol/chloroform extraction and ethanol precipitation.
The recovered RNA was turned into a cDNA library as described (Hafner et al.,
2008) and Solexa sequenced. The extracted sequence reads were mapped to
the human genome (hg18), human mRNAs and miRNA precursor regions. For
a more detailed description of the methods, see the Extended Experimental
Procedures. For a video presenting the procedure please visit http://www.
jove.com/index/Details.stp?ID=2034.Cell 141, 129–141, April 2, 2010 ª2010 Elsevier Inc. 139
Oligonucleotide Transfection and mRNA Array Analysis
siRNA, miRNA and 20-O-methyl oligonucleotide transfections of HEK293
T-REx Flp-In cells were performed in 6-well format using Lipofectamine
RNAiMAX (Invitrogen) as described by the manufacturer. Total RNA of trans-
fected cells was extracted using TRIZOL following the instructions of the
manufacturer. The RNA was further purified using the RNeasy purification kit
(QIAGEN). 2 mg of purified total RNA was used in the One-Cycle Eukaryotic
Target Labeling Assay (Affymetrix) according to manufacturer’s protocol. Bio-
tinylated cRNA targets were cleaned up, fragmented, and hybridized to
Human Genome U133 Plus 2.0 Array (Affymetrix). For details of the analysis,
see Bioinformatics section in the Supplementary Material.
Generation of Digital Gene Expression (DGEX) Libraries
1 mg each of total RNA from HEK293 cells inducibly expressing tagged
IGF2BP1 before and after induction was converted into cDNA libraries for
expression profiling by sequencing using the DpnII DGE kit (Illumina) accord-
ing to instructions of the manufacturer. For details of the analysis, see Bioinfor-
matics section in the Supplemental Information.SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures,
seven figures, and seven tables and can be found with this article online at
doi:10.1016/j.cell.2010.03.009.
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